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1
SILICA CONTAINING BASIC SORBENT FOR
ACID GAS REMOVAL

CROSS-REFERENCE TO RELATED
APPLICATION

This is a divisional application of U.S. patent application
Ser. No. 13/646,514, filed Oct. 5, 2012, issued as U.S. Pat.
No. 9,227,172 on Jan. 5, 2016, itself claiming the benefit of
U.S. Provisional Patent Application No. 61/544,758, filed
Oct. 7, 2011, the contents of each incorporated herein by
reference in its entirety.

TECHNICAL FIELD

The present disclosure relates generally to sorbent com-
positions for acid gas emission control, and more particu-
larly to compositions of free-flowing sorbent containing
silica and a basic inorganic solid for acid gas emission
control. The present disclosure also relates to a process of
treating a gas stream, for example, a gas stream containing
at least hydrogen chloride, sulfur dioxide, and/or sulfur
trioxide.

BACKGROUND

Current emission control strategies for acidic gas species
(e.g., HCI, SO,, and SO,) rely on solid sorbents for removal
of pollutants from exhaust gas streams. The reduction of
HCl, SO,, and SO; are achieved by injection of basic
sorbents into a dry scrubber or upstream of particular, basic
materials are injected into the flue gas stream to contact the
gas and neutralize acid gases, including hydrogen halides,
SO,, SO;, and other acid gas species, Typical sorbents
include hydrated line (i.e., Ca(OH),), sodium carbonate (i.e.,
Na,CO;), sodium bicarbonate (i.e., NaHCO,), and trona
(i.e., Na,CO;NaHCO;.xH,0). Although sodium-contain-
ing sorbents can be effective, they are often prohibitively
expensive owing to localized availability and their propen-
sity to foul power plant equipment. Additionally, sodium-
containing sorbents are often soluble in water, and can
potentially leach into the surrounding environment after the
ash is landfill. On the other hand, hydrated lime is relatively
inexpensive; however the reactions between acids gases and
hydrated lime are often less efficient than with their sodium-
containing counterparts. Accordingly, there exists a need for
improved sorbents for control of acidic gas species emis-
sions from gas streams.

SUMMARY

In one aspect, disclosed is a sorbent composition com-
prising a compound having formula (1),

(8i0,).(OH),F.B D

wherein

F optionally exists and said F is at least one of the
following: a functionalized organosilane, a sulfur-containing
organosilane, or an amine-containing organosilane;

B is a hygroscopic solid at a preferred water to solid molar
ratio of about 0.1 to about 6, and more particularly, B is a
basic inorganic solid selected from alkali and alkali-earth
metal oxides, hydroxides, carbonates, and bicarbonates, said
basic inorganic solid containing a metal cation selected from
calcium, magnesium, strontium, barium, sodium, lithium,
potassium, cesium, lanthanum, cerium, praseodymium, neo-
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2
dymium, samarium, europium, gadolinium, dysprosium,
scandium, ytterbium, yttrium, and erbium; and

the molar ratio of y/x is equal to about 0.1 to about 0.5.

The sorbent composition may comprise a compound
having a formula of: (Si0,)(OH),.16.1Ca(OH), where y is
the surface concentration of hydroxyl species as determined
by the moisture content.

The sorbent composition may comprise a compound
having a formula of: (SiO,)(OH),.19.8Ca(OH), where y is
the surface concentration of hydroxyl species as determined
by the moisture content.

The sorbent composition may comprise a compound
having a formula of: (Si0,)(OH),.21.8Ca(OH), where y is
the surface concentration of hydroxyl species as determined
by the moisture content.

The sorbent composition may comprise a compound
having a formula of: (SiO,)(OH),.24.9Ca(OH),, where y is
the surface concentration of hydroxyl species as determined
by the moisture content.

The sorbent composition may comprise a compound
having a formula of: (Si0,)(OH),.55.6Ca(OH),, where y is
the surface concentration of hydroxyl species as determined
by the moisture content.

In another aspect, disclosed is a product produced by the
addition of an aqueous-based silicate-containing precursor
(SCP) to an inorganic solid including, but not limiting to,
alkali and alkali-earth metal oxides, hydroxides, carbonates,
and bicarbonates such that the aqueous portion is adsorbed
by the basic solid to form a hydrated product in a free-
flowing powder form. The aqueous SCP solution contains
either (a) a pH value les than or equal to a pH of about 7, (b)
a pH value greater than 7, (c¢) multiple soluble inorganic
salts, (d) solid content range from 0.1~80 wt %, (e) option-
ally functional groups wherein the resultant functionalized
dried product is at least one of the following: a functional-
ized organosilane, a sulfur-containing organosilane, or an
amine-containing organosilane, or (f) combinations thereof.
The product may be a compound having formula (I).

In another aspect, disclosed is a sorbent composition
comprising a compound having formula (II).

(8i0,),(0H),.B (ID

wherein

B is a basic metal oxide, hydroxide, or carbonate, said B
containing a metal cation selected from calcium, magne-
sium, strontium, barium, sodium, lithium, potassium,
cesium, lanthanum, cerium, praseodymium, neodymium,
samarium, europium, gadolinium, dysprosium, scandium,
ytterbium, yttrium, and erbium: and

the molar ration of y/x is equal to 0.01 to 0.5

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts the HCI reduction in the flue gas stream by
various sorbents tested in a combustion test facility at
Western Research Institute.

FIG. 2 depicts the SO, reduction in the flue gas stream by
various sorbents tested in ac combustion test facility at
Western Research Institute.

DETAILED DESCRIPTION

Disclosed herein are dry, flowable sorbents useful for
controlling acidic gas species emissions from gas streams.
The sorbents include a water-retention additive (e.g., a
silicate) to maintain a locally moist environment near the
sorbent particle surfaces, and a basic inorganic component
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(e.g. Ca(OH),) to neutralize acid gas species. It is believed
that incorporation of moisture at the sorbent particle surfaces
aids in solubilization and reaction of acid gas species with
the sorbent basic inorganic surfaces. The sorbents eliminate
the need for humidifying an entire flue gas stream, and avoid
the problems associated with in-duct humidification and
slurry injection associated with other sorbent types. Further-
more, the sorbents have unexpectedly high surface areas and
pore volumes relative to lime hydrated at the same rate,
thereby providing greater efficiency of acid species absorp-
tion. The sorbents exhibit improved HCI capture relative to
trona and hydrated lime.

As moisture retaining free-flowing powders, the sorbent
compositions provide economic, processing, and perfor-
mance advantages over conventional sorbents. Typical acid
gas sorbents (e.g., hydrated lime, trona, sodium bicarbonate,
etc.) demonstrate sorbent feed problems at elevated moisture
levels. The addition of a water-retention additive (e.g., a
silicate) allows for a higher moisture content than conven-
tional sorbents, leading to improved performance, yet still
maintaining a dry, flowable form that allows for facile
processing and use.

1. DEFINITION OF TERMS

Unless otherwise defined, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art. In case of
conflict, the present document, including definitions, will
control. Preferred methods and materials are described
below, although methods and materials similar or equivalent
to those described herein can be used in practice or testing
of the present invention. All publications, patent applica-
tions, patents and other reference mentioned herein are
incorporated by reference in their entirety. The materials,
methods, and examples disclosed herein are illustrative only
and not intended to be limiting.

As used in the specification and the appended claims, the
singular forms “a,” “and” and “the” include plural references
unless the context clearly dictates otherwise. The terms

2 < 2 < 2 <

“comprise(s),” “include(s),” “having,” “has,” “can,” “con-
tain(s),” and variants thereof, a used herein, are intended to
be open-ended transitional phrases, terms, or words that do
not preclude the possibility of additional acts or structures.
The present disclosure also contemplates other embodi-
ments “comprising,” “consisting of”” and “consisting essen-
tially of,” the embodiments or elements presented herein,
whether explicitly set forth or not.

2. SORBENT COMPOSITIONS

The sorbent compositions disclosed herein include at least
one active sorbent compound useful for capture of acid gas
species from a gas stream. In certain, embodiments, the
sorbent compositions consist of or consist essentially of one
or more active sorbent compounds, as described herein. In
other embodiments, the sorbent compositions may option-
ally include one or more additional components beyond the
at least one active sorbent compound. The sorbent compo-
sitions may include various combinations of sorbent com-
pounds and associated compositions. The active sorbent
compound(s) can be in various forms and proportions rela-
tive to the one or more additional components of the
compositions. In certain embodiments, the sorbent compo-
sitions can stand alone, be further modified by chemical
and/or physical means, or integrated into other products
(e.g., consumer or industrial products).
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The sorbent compositions may comprise the active sor-
bent compound(s) in any suitable amount for the intended
application. In certain embodiments, the sorbent composi-
tion may comprise about 40% to about 99% by weight active
sorbent compound, about 60% to about 99% by weight
active sorbent compound, or about 80% to 99% by weight
active sorbent compound.

In certain embodiments, the sorbent compositions may
comprise excess moisture of greater than 3 weight %. In
certain embodiments, the sorbent compositions may have a
moisture content of 1 weight %, 2 weight %, 3 weight %, 4
weight %, 5 weight %, 6 weight %, 7 weight %, 8 weight %,
9 weight %, 10 weight %, 11 weight %, 12 weight %, 13
weight %, 14 weight %, 15 weight %, 16 weight %, 17
weight %, 18 weight %, 19 weight %, 20 weight %, 21
weight %, 22 weight %, 23 weight %, 24 weight %, 25
weight %, 26 weight %, 27 weight %, 28 weight %, 29
weight %, 30 weight %, 31 weight %, 32 weight %, 33
weight %, 34 weight %, 35 weight %, 36 weight %, 37
weight %, 38 weight %, 39 weight %, or 40 weight %. In
certain embodiments, the sorbent compositions may have a
moisture content ranging from 1 weight % to 40 weight %,
from 3 weight % to 40 weight %, from 3 weight % to 30
weight %, or from 3 weight % to 20 weights %.

In certain embodiments, the sorbent compositions may be
a powder, preferably a free-flowing powder. The sorbent
compositions may comprise about 40% to about 99% by
weight active compound and about 60% to 1% moisture;
about 60% to about 99% by weight active compound and
about 40% to about 1% moisture; or about 80% to 99% by
weight active compound and about 20% to 1% moisture.
The sorbent composition may be characterized by a particle
size of about 2 um to about 500 um, about 2 pum to about 200
pum, about 2 um to about 40 um, about 2 um to about 20 pm,
or about 5 um to about 20 pm. The sorbent composition may
be characterized by a surface area of about 2 m*/g to about
800 m?/g, or about 2 m*/g to about 200 m*/g. The sorbent
composition may be characterized by a pore volume of 0.01
cc/gto 2.0 cc/g, preferably about 0.01 cc/g to about 1.0 cc/g.

a. Active Sorbent Compound

The active sorbent compound may be a compound having
a hydroscopic silicate component and a basic solid compo-
nent. The silicate component may maintain a locally moist
environment near the sorbent particle surface to aid in
solubilization and reaction of acid gas species with the
sorbent particle basic solid component surfaces.

In certain embodiments, the active sorbent compound
may have formula (I):

(8i0,),(OH),F.B D

wherein

F optionally exists and said F is at least one of the
following: a functionalized organosilane, a sulfur-containing
organosilane, or an amine-containing organosilane;

B is a hygroscopic solid at a preferred water to solid molar
ratio of about 0.1 to about 6, and more particularly, B is a
basic inorganic solid selected from alkali or alkali-earth
metal oxides, hydroxides, carbonates, and bicarbonates, said
basic inorganic solid containing a metal cation selected from
calcium, magnesium, strontium, barium, sodium, lithium,
potassium, cesium, lanthanum, cerium, praseodymium, neo-
dymium, samarium, europium, gadolinium, dysprosium,
scandium, ytterbium, yttrium, and erbium; and

the molar ration of y/x is equal to about 0.01 to about 0.5.

In certain embodiments, the active sorbent compound
may have formula (II):

(8i0,),(0H),.B (ID
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wherein

B is a hygroscopic solid at a preferred water to solid molar
ratio of about 0.1 to about 6, and more particularly, B is a
basic metal oxide, hydroxide, or carbonate, said B contain-
ing a metal cation selected from calcium, magnesium,
strontium, barium, sodium, lithium, potassium, cesium, lan-
thanum, cerium, praseodymium, neodymium, samarium,
europium, gadolinium, dysprosium, scandium, ytterbium,
yttrium, and erbium; and

the molar ratio of y/x is equal to 0.01 to 0.5.

In certain embodiments, the active sorbent compound has
formula (Si0,)(OH),.16.1Ca(OH), wherein y is the concen-
tration of hydroxyl species on the silicate surface as deter-
mined by moisture content.

In certain embodiments, the active sorbent compound has
formula (Si0,)(OH),.19.8Ca(OH), wherein y is the concen-
tration of hydroxyl species on the silicate surface as deter-
mined by moisture content.

In certain embodiments, the active sorbent compound has
formula (Si0,)(OH),.21.8Ca(OH), wherein y is the concen-
tration of hydroxyl species on the silicate surface as deter-
mined by moisture content.

In certain embodiments, the active sorbent compound has
formula (Si0,)(OH),.24.9Ca(OH), wherein y is the concen-
tration of hydroxyl species on the silicate surface as deter-
mined by moisture content.

In certain embodiments, the active sorbent compound has
formula (Si0,)(OH),.55.6Ca(OH), wherein y is the concen-
tration of hydroxyl species on the silicate surface as deter-
mined by moisture content.

b. Other Components

The sorbent compositions may include other components.
In certain embodiments, the sorbent composition may be
provided as a powder blended with mercury sorbents such as
activated carbon, halogenated activated carbon, and/or inor-
ganic mercury sorbents. In certain embodiments, the sorbent
composition may include a silica containing composition as
described in U.S. Pat. No. 8,025,726, which is herein
incorporated by reference. In certain embodiments, the
sorbent composition may include 1 to 50% by weight other
inorganic sorbents, such as aluminosilicates, silica-contain-
ing materials, clays, or zeolites (e.g., synthetic zeolites). In
certain embodiments, the sorbent compositions may include
1 to 50% by weight activated carbon. The activated carbon
may be produced by the Thief Carbon process as described
in U.S. Pat. No. 6,521,021, which is herein incorporated by
reference. In certain embodiments, the activated carbon may
be prepared from carbon based stating materials, such as
coal, lignite, wood, wood byproducts, or bark. In certain
embodiments, the activated carbon may be replaced with or
mixed with halogenated activated carbon, such as chlori-
nated activated carbon or brominated activated carbon. In
certain embodiments, the sorbent compositions may include
1% to 50% by weight of a silica based mercury sorbent or
aluminosilicate based mercury sorbent, such as that
described in U.S. Pat. No. 7,572,421, which is herein
incorporated by reference.

In certain embodiments, the sorbent compositions may be
blended with alkaline sulfur oxide sorbents. Alkaline sulfur
oxide sorbents include, but are not limited to, trona, calcium
hydroxide, lime, hydrated lime, and calcium oxide contain-
ing compounds or materials. In certain embodiments, the
alkaline sulfur oxide sorbent may be applied upstream of the
sorbent in a scrubber process. In certain embodiments, the
sulfur oxide alkaline-containing sorbent may be added sepa-
rately from the sorbent by such methods as FSI (Furnace
Sorbent Injection).
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In certain embodiments, the sorbent composition further
contains one or more halogens.

3. METHOD OF MANUFACTURE

The sorbent compositions and compounds may be pro-
duced by the addition of an aqueous-based silicate-contain-
ing precursor (SCP) to a basic inorganic solid. Optionally, an
organosilane species may be used to further functionalized
the sorbent active compound. The aqueous SCP solution
may contain either (a) a pH value less than or equal to a pH
of'about 7, (b) a pH value greater than 7, (¢) multiple soluble
inorganic salts, (d) solid content range from 0.1~80 wt %, (e)
optionally functional groups wherein the resultant function-
alized dried product is at least one of the following: a
functionalized organosilane, a sulfur-containing organosi-
lane, or an amine-containing organosilane, or (f) combina-
tions thereof.

In certain embodiments, the aqueous-based SCP is added
to a hygroscopic inorganic solid in a fluidized bed mixer
such that the water is adsorbed uniformly by the solid to
form a hydrated powder containing the SCP. In certain
embodiments, the active sorbent compositions may be pre-
pared by spraying silicic acid or a solution of colloidal silica
onto a fluidized bed of calcium oxide (i.e., lime) to form, a
sorbent composition comprising a compound having the
following formula (SiO,),(OH),.B as described above,
wherein the sorbent composition comprises 80% to 90% by
weight of the active compound and is as free-flowing
powder. In certain embodiments, the sorbent compositions
may be prepared by spraying a solution of alkaline silicate
onto a fluidized bed of lime (i.e., CaO) to form, a sorbent
composition comprising a compound having the formula
(510,),(OH),.Ca(OH), as described above, wherein the sor-
bent composition comprises 80% to 99% by weight of active
compound and is a free-flowing powder.

i. Silica Containing Precursors

The silica containing precursor (SCP) may be silicic acid,
colloidal silica, tetraethylorthosilicate, dispersed fumed
silica, alkaline silicates (e.g., sodium or potassium silicate),
or a combination thereof. In one preferred embodiment, the
silica containing precursor is silicic acid. In another pre-
ferred embodiment, the silica containing precursor is Nalco
8691 silica sol, which can be obtained from Nalco Company,
1601 West Diehl Road, Naperville, Ill., 60563. In another
preferred embodiment, the silica containing precursor is
Nalco 1034A, a deionized colloidal silica sol with a particle
size of 20 nm, which can be obtained from Nalco Company.

The aqueous-based silicate-containing precursor may be
prepared by dispersing one or more silica containing pre-
cursors in deionized water. The aqueous-based silicate-
containing precursor solution may comprise from 1 weight
% to 50 weight % SCP, from 2 weight % to 20 weight %
SCP, or from 3 weight % to 8 weight % SCP.

ii. Basic Inorganic Solid

Suitable basic inorganic solids include, but are not limited
to, alkali and alkali-earth metal oxides, hydroxides, carbon-
ates, and bicarbonates, such that the aqueous portion is
adsorbed by the basic solid to form a hydrated product in a
free-flowing powder form. The basic inorganic solid may be
calcium oxide (lime), calcium hydroxide (hydrated lime),
dolomitic lime, calcium carbonate, magnesium oxide, mag-
nesium hydroxide, magnesium carbonate, sodium carbon-
ate, sodium bicarbonate, trona, sodium oxide, sodium
hydroxide, potassium oxide, potassium hydroxide, potas-
sium carbonate, or a combination thereof.
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iii. Organosilanes

Organosilanes that can be used are well known in the art
and may be represented generally by R, ,,—SiX,, wherein
a may be from 1 to 3. The organo-functional group, R—,
may be any aliphatic or alkene containing functionalized
group such as propyl, butyl, 3-chloropropyl, amine, thiol,
and combinations thereof. X is representative of a hydroly-
sable alkoxy group, typically methoxy or ethoxy. Some
examples are 3-thiopropyl and mercaptopropyl silanes.

Thiols and amines are represented generally by the class
or organic and inorganic compounds containing the amine or
thiol group having the general formula—B—(SH) or —B—
(NH,), wherein B is a linear or branched group consisting of
carbon atoms such as —(CH,),—, whereinn is from 1 to 15,
1 to 6, or where n is 3.

iv. Synthetic Method I—Acidic Starting Point

One synthetic methodology for preparing the sorbent
compositions and/or the actives component involves starting
from an acidic starting point. In certain embodiments, the
sorbent compositions may be prepared by a process includ-
ing: a) providing a silica containing precursor (SCP) (e.g.,
silicic acid, colloidal silica, tetraethylorthosilicate, or dis-
persed fumed silica) contained in aqueous solution that has
a pH less than or equal to a pH of 7, preferably from 3 to 4;
and b) adding the acidic SCP to a fluidized bed of a
hygroscopic basic metal oxide, carbonate, or hydroxide.

In certain embodiments, the method comprises adjusting
the pH of the SCP to greater than 7 combining said SCP with
an alkaline metal oxide, hydroxide, or carbonate to form the
silica based product.

Any suitable reactor or mixing device may be utilized in
the method of the invention. In certain embodiments, a
plow-type mixer/reactor may be utilized to fluidize a pow-
dered basic metal oxide, hydroxide, or carbonate.

v. Synthetic Method II—Alkaline Starting Point

Another synthetic methodology involves starting from an
alkaline starting point. In certain embodiments, the sorbent
compositions may be prepared by a process including: a)
providing a silica containing precursor (SCP) (e.g., alkaline
silicates) contained in solution that has a pH greater than 7;
and b) adding the alkaline SCP to a fluidized bed of a
hygroscopic basic metal oxide, carbonate, or hydroxide.

In another embodiment, the method further comprises
maintaining the pH of the SCP at greater than 7 by com-
bining said SCP with an alkaline metal oxide, hydroxide, or
carbonate to form the silica based product.

Any suitable reactor or mixing device may be utilized in
the method of the invention. In certain embodiments, a
plow-type mixer/reactor may be utilized to fluidize a pow-
dered basic metal oxide, hydroxide, or carbonate.

4. METHODS OF USE

The sorbent compositions disclosed herein may be used in
any process in which it is desirable to remove acid species
from a gas stream. The sorbent compositions may be used at
coal-fired power plants (e.g., bituminous coal-fired, or lig-
nite-fired power stations), natural gas refineries, precious
metal mines, waste incineration plants (e.g., domestic waste,
hazardous waste, or sewage sludge incineration plants),
other plants for high-temperature processes (e.g., cement
burning), and high-temperature plants co-fired with waste or
combined (multistage) high-temperature plants (e.g., power
station or cement rotary kilns having an upstream waste
pyrrolysis or waste gasification). The sorbent compositions
may be introduced into a gas stream derived from a heat
generating system selected from the group consisting of a
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combustion system, a power plant combustion system, a
coal combustion system, a waste incineration system, a kiln,
a kiln for mining operations, a recovery boiler, a coal
gasification process stream, a gas production stream, a
biomass combustion system, and an ore processing system.

The sorbent compositions may be used in processes of
any dimension. The methods can be used in processes
having a flue gas volumetric flow rate of 15x10°> m*> S.T.P.
db/h, for example for sewage sludge incineration, or of
50x10° m® S.T.P. db/h, for example in hazardous waste
incineration plants, or of 150x10° m?® S.T.P. db/h, for
example in domestic waste incineration, and also in large
power stations having, for example, 2-3x10° m® S.T.P. db/h.

In certain embodiments, a process of treating a gas stream
containing hydrogen halides and sulfur oxides includes
applying a sorbent composition disclosed herein into said
gas stream ahead of a particulate matter collection device, in
order to adsorb at least a portion of the hydrogen halide and
sulfur oxide containing compound. The particulate matter
collection device may be one or more of the following
devices: electrostatic precipitation (ESP), filtration, inertial
separation, baghouse, cyclone, spray dry absorber (SDA),
wet fluegas desulfurizer (WFGD), or any combination
thereof. In certain embodiments, there are a plurality of
particulate collection devices; optionally wherein one of said
particulate collection devices are positioned subsequent to
another particulate collection device.

In certain embodiments, the sorbent composition may be
applied to the gas stream by housing the sorbent in a fixed
bed apparatus through which the gas stream is made to pass.
In another embodiment, the sorbent composition may be
contained within a fiber bag used in a filter baghouse. In
another embodiment, the sorbent composition may be
applied to the gas stream through various methods known in
the art, for example, through a lance, an additional medium
such as a fuel source (e.g., coal), a conveyor belt, or one or
more ports in communication with a combustion system
(e.g., asymmetrically placed ports). The sorbent composi-
tion may be exposed to a gas stream by applying said sorbent
into the gas stream with a carrier gas; optionally wherein
said carrier gas is air or nitrogen; optionally wherein said
carrier gas is applied upstream of a particulate control
device; and optionally wherein said particulate matter col-
lection device contains at least one of the following devices:
ESP, baghouse, or cyclone.

The temperature of the gas stream into which the sorbent
composition is applied may be between 200° F. and 900° F.
The gas stream may contain at least one of the following
halogens: chloride, bromide, iodide, and salts thereof. The
gas stream may contain sulfur dioxide and sulfur trioxide.
The gas stream may contain mercury.

In one exemplary embodiments, a sorbent composition is
injected into the flue gas of a coal fired power plant at a
location upstream of an air preheater and a particulate
control device. To carry out the injection, the sorbent is fed
from a feeding silo and pneumatically carried through
injection lances positioned within the flue gas duct work
thereby affording a fine dispersion of the material within the
flue gas, covering the entire cross-sectional area of the duct.
Sorbent composition feed rates are determined gravimetri-
cally and set in the range of 1 to 15 kilograms per cubic
meter of flue gas according to the desired reduction targets
for hydrogen chloride and sulfur oxide. The capture of
hydrogen chloride fro the flue gas by the sorbent composi-
tion is verified by measurements of flue gas hydrogen
chloride concentrations made by infrared spectrometers
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(e.g., FTIR and/or NDIR) and wet-chemical sampling meth-
ods (e.g., EPA Methods 26A).

In another exemplary embodiment, a sorbent composition
is injected into the flue gas of a coal fired power plant at a
location between an air preheater and a particulate control
device. To carry out the injection, the sorbent is fed from a
feeding silo and pneumatically carried through injection
lances positioned within the flue gas duct work thereby
affording a fine dispersion of the material within the flue gas,
covering the entire cross-sectional area of the duct. Sorbent
composition feed rates are determined gravimetrically and
set in the range of 1 to 15 kilograms per cubic meter of flue
gas according to the desired reduction targets for hydrogen
chloride and sulfur oxide. The capture of hydrogen chloride
from the flue gas by the sorbent composition is verified by
measurements of flue gas hydrogen chloride from the flue
gas by the sorbent composition is verified by measurements
of flue gas hydrogen chloride concentrations made by infra-
red spectrometers (e.g., FTIR and/or NDIR) and wet-chemi-
cal sampling methods (e.g., EPA Method 26A).

In certain embodiments, a method further comprises
monitoring sulfur oxide and hydrogen chloride emissions
and responding with the addition of sorbent composition in
accordance with the acid gas levels in said system.

In certain embodiments, the sorbent composition may be
applied to the gas stream with one or more additional
components. The sorbent compositions may applied as a
powder blended with mercury sorbents such as but not
limited to activated carbon, halogenated activated carbon
(e.g., chlorinated activated carbon or brominated activated
carbon), and inorganic mercury sorbents. Alternatively, the
mercury sorbent may be applied upstream of the sorbent
composition. The mercury sorbent may be added separately
from the sorbent composition by such methods as DSI (Duct
Sorbent Injection).

In certain embodiments, the sorbent composition may be
applied to the gas stream with an oxidizing agent. The
oxidizing agent may be combined with the sorbent compo-
sition prior to treatment of a flue gas. In certain embodiment,
the oxidizing agent may be applied to the gas stream prior
to, after, and/or at the same time of application of the sorbent
composition to the flue gas. The oxidizing agent may be
conveyed into the gas stream through one or more mediums.
In certain embodiments, the medium is coal and said gas
stream derives from at least a coal combustion system. The
oxidizing agent may be selected from the group consisting
of: a thermolabile molecular halogen, calcium bromide, and
halogen-containing compounds such as but not limited to
hydrogen bromide, hydrogen chloride, ammonium bromide,
ammonium chloride, sodium chloride, sodium bromide,
calcium chloride or combinations thereof.

In certain embodiments, the sorbent composition is
capable of being traced in a gas stream. The sorbent com-
position may contain one or more moieties or contain one or
more functional groups capable of being quantitated by one
or more analytical techniques or quantitation protocols. In
certain embodiments, the moieties may be magnetic. For
example, the magnetic moieties may be incorporated into
the silica-containing particles as described in this disclosure
and equivalents thereof. One of ordinary skill in the art
would be able to incorporate the moieties, e.g. magnetic
moieties into the particle, e.g. silica-containing particle. In
another embodiment, the moieties are metallic. For example,
metallic moieties may be incorporated into the silica-con-
taining particles as described in this disclosure and equiva-
lents thereof. In another embodiment, the sorbent composi-
tion may be monitored by fluorescence and/or absorbance
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measurements. In another embodiment, the sorbent compo-
sition may be monitored by magnetic and/or metal detectors.

5. EXAMPLES

The foregoing may be better understood by reference to
the following examples, which are presented for purposes of
illustration and are not intended to limit the scope of the
invention.

Example 1

In this example, 500 ml of sodium silicate solution, which
was diluted with DI water to approximately 8 wt % silica,
was desalted by running through an ion exchange column
filled with 250 ml of acidic Dowex 650C resin. The solution
coming out from the column was collected at a pH value
between 3 and 3.5, containing 7.6 wt % of solid. 39.83 g of
the silica solution was sprayed onto 56.0 g of CaO with a
spray bottle while stirring in a round bottom flask to yield a
final dry-flowing powder (Sample 1) with a theoretical
formula of (Si0,), s(OH),.Ca(OH),. The theoretical for-
mula was calculated by initial mass of each component. For
instance, the silica precursor solution contained 3.03 g of
silica (0.05 moles). The CaO (56.0 g) produced 74.1 g of
Ca(OH), (I mole). Given that no loss was observed during
the hydration, the theoretical formula of final powder prod-
uct was (8i0,) (OH),.19.8 Ca(OH),.

Nitrogen sorption analysis of the powder was performed
on an Autosorb-1C unit from Quantachrome. The sample
was degassed at 180° C. for 5 h, and then characterized by
a multi-point BET surface area, total pore volume, and BJH
adsorption pore size distribution. Nitrogen sorption analysis
indicated a surface area of 26.4 square meters per gram, a
pore volume of 0.12 cc/g, and a pore diameter of 17.5 nm.
TGA analysis of the powder indicated 15.8 wt % mass loss
due to moisture.

Example 2

In this example, 500 ml of sodium silicate solution, which
was diluted with DI water to approximately 8 wt % silica,
was desalted by running through an ion exchange column
filled with 250 ml of acidic Dowex 650C resin. The solution
coming out from the column was collected at a pH value
between 3 and 3.5, containing 7.6 wt % of solid. 49.03 g of
the silica solution was sprayed onto 56.0 g of CaO with a
spray bottle while stirring in a round bottom flask to yield a
final dry-flowing powder (Sample 2) with a theoretical
formula of (SiO,)(OH),. 16.1 Ca(OH),.

Nitrogen sorption analysis of the powder was performed
on an Autosorb-1C unit from Quantachrome. The sample
was degassed at 180° C. for 5 h, and then characterized by
a multi-point BET surface area, total pore volume, and BJH
adsorption pore size distribution. Nitrogen sorption analysis
indicated a surface area of 24.2 square meters per gram, a
pore volume of 0.10 cc/g, and a pore diameter of 16.5 nm.
TGA analysis of the powder indicated 18.3 wt % mass loss
due to moisture.

Example 3

In this example, 500 ml of sodium silicate solution, which
was diluted with DI water to approximately 8 wt % silica,
was desalted by running through an ion exchange column
filled with 250 ml of acidic Dowex 650C resin. The solution
coming out from the column was collected at a pH value
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between 3 and 3.5, containing 7.6 wt % of solid. 31.69 g of
the silica solution was sprayed onto 56.0 g of CaO with a
spray bottle while stirring in a round bottom flask to yield a
final dry-flowing powder (Sample 3) with a theoretical
formula of (Si0,)(OH),. 24.9 Ca(OH),.

Nitrogen sorption analysis of the powder was performed
on an Autosorb-1C unit from Quantachrome. The sample
was degassed at 180° C. for 5 h, and then characterized by
a multi-point BET surface area, total pore volume, and BJH
adsorption pore size distribution. Nitrogen sorption analysis
indicated a surface area of 18.7 square meters per gram, a
pore volume of 0.11 cc/g, and a pore diameter of 16.5 nm.
TGA analysis of the powder indicated 8.7 wt % mass loss
due to moisture.

Example 4

In this example, a colloidal silica sol, Nalco 1034A, was
diluted with DI water to obtain a silica solution containing
7 wt % silica particles 20 nm in diameter. 39.33 g of the
solution was sprayed onto 56.0 g of CaO with a spray bottle
while stirring in a round bottom flask to yield a final
dry-flowing powder (Sample 4) with a theoretical formula of
(510,)(OH),.. 21.8 Ca(OH),. Nalco 1034A can be purchased
from Nalco Company, 1601 W. Diehl Road, Naperville, I11.,
60563.

Nitrogen sorption analysis of the powder was performed
on an Autosorb-1C unit from Quantachrome. The sample
was degassed at 180° C. for 5 h, and then characterized by
a multi-point BET surface area, total pore volume, and BJH
adsorption pore size distribution. Nitrogen sorption analysis
indicated a surface area of 20.3 square meters per gram, a
pore volume of 0.06 cc/g, and a pore diameter of 11.9 nm.
TGA analysis of the powder indicated 5 wt % mass loss due
to moisture.

Example 5

In this example, a 30% sodium silicate solution was
diluted with DI water to obtain a 3 wt % silica solution.
2.268 kg of the dilute solution was sprayed onto 3.5 kg of
CaO while stirring the powder in a plow mixer (Littleford
Day model M-DVT22) to yield a final dry-flowing powder
(Sample 5) with a theoretical formula of (SiO,)
(OH),.55.1Ca(OH),.

Nitrogen sorption analysis of the powder was performed
on an Autosorb-1C unit from Quantachrome. The sample
was degassed at 180° C. for 5 h, and then characterized by
a multi-point BET surface area, total pore volume, and BJH
adsorption pore size distribution. Nitrogen sorption analysis
indicated a surface area of 33.4 square meters per gram, a
pore volume of 0.14 cc/g, and a pore diameter of 16.6 nm.

Example 6

In this example, a colloidal silica solution (Nalco 1142; 40
wt % silica) was diluted with DI water to obtain a silica
solution containing 3 wt % silica. 2.250 kg of the dilute
solution was sprayed onto 3.5 kg of CaO while stirring the
powder in a plow mixer (Littleford Day mixer model
M-DVT22) to yield a final dry-flowing powder (Sample 6)
with a theoretical formula of (Si0,)(OH),.55.6 Ca(OH),.
Nalco 1142 can be purchased from Nalco Company, 1601
W. Diehl Road, Naperville, 111., 60563.

Nitrogen sorption analysis of the powder was performed
on an Autosorb-1C unit from Quantachrome. The sample
was degassed at 180° C. for 5 h, and then characterized by
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a multi-point BET surface area, total pore volume, and BJH
adsorption pore size distribution. Nitrogen sorption analysis
indicated a surface area of 44.2 square meters per gram, a
pore volume of 0.25 cc/g, and a pore diameter of 22.2 nm.

In this example, 3 L of sodium silicate solution, which
was diluted with DI water to approximately 8 wt % silica,
was desalted by running through an ion exchange column
filled with 1.5 L of acidic Dowex 650C resin. The solution
coming out from the column was collected at a pH value
between 3 and 3.5, containing 7.6 wt % of silica. This silicic
acid solution was further diluted with DI water to prepare a
3 wt % solution. 2.250 kg of silicic acid was sprayed onto
3.5 kg of CaO while stirring the powder in a plow mixer
(Littleford Day mixer model M-DVT22) to yield a final
dry-flowing powder (Sample 7) with a theoretical formula of
(8i0,)(OH),,. 55.6Ca(OH),. Nalco 1142 can be purchased
from Nalco Company, 1601 W. Diehl Road, Naperville, I11.,
60563.

Nitrogen sorption analysis of the powder was performed
on an Autosorb-1C unit from Quantachrome. The sample
was degassed at 180° C. for 5 h, and then characterized by
a multi-point BET surface area, total pore volume, and BJH
adsorption pore size distribution. Nitrogen sorption analysis
indicated a surface area of 42.1 square meters per gram, a
pore volume of 0.16 cc/g, and pore diameter of 11.5 nm.

Example 8

The acid gas removal efficiency of a silica containing
basic sorbent with a formula of (S8i0,)(OH),.19.8 Ca(OH),,
hydrated by a 7.6 wt % silicic acid solution (Sample 1), was
evaluated using a NETZSCH TGA/DTA analyzer (model:
STA 449 F3 Jupiter). 5 g of sorbent was evenly placed in an
alumina plate that was subjected to an atmosphere of 750
ppm HCl,, at 200° C. The mass increase of substrate
resulted from HCI capture was used to calculate the HCI
capture efficiency and uptake rate. The capture efficiency is
defined as the product conversion when reacting with HCl at
80 minutes. The HCI uptake rate is estimated by the initial
slope of the mass change curve between 0 to 20 minutes and
is representative of the reaction kinetics. The uptake experi-
ment showed 15.9% of capture efficiency and 0.18%/min™"
of uptake rate compared to 12.8% efficiency of conventional
hydrated lime.

Example 9

The acid gas removal efficiency of a silica containing
basic sorbent with formula of (SiO,)(OH),.55.1 Ca(OH),,
hydrated by 3 wt % sodium silicate (Sample 5), was evalu-
ated using a NETZSCH TGA/DTA analyzer (model: STA
449 F3 Jupiter). 5 g of sorbent was evenly placed in an
alumina plate that was subjected to an atmosphere of 750
ppm HCl,,, at 200° C. The uptake experiment showed 28.4%
of capture efficiency and 0.24%/min~" of uptake rate com-
pared to 12.8% efficiency of conventional hydrated lime.

Example 10

The acid gas removal efficiency of a silica containing
basic sorbent with formula of (SiO,)(OH),.55.6 Ca(OH),,
hydrated by 3 wt % Nalco 1142 (Sample 6), was evaluated
using a NETZSCH TGA/DTA analyzer (model: STA 449 F3
Jupiter). 5 g of sorbent was evenly placed in an alumina plate
that was subjected to an atmosphere of 750 ppm HCl,,, at
200° C. The uptake experiment showed 34.0% of capture
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efficiency and 0.26%/min™' of uptake rate compared to

12.8% efliciency of conventional hydrated lime.
Example 11

The acid gas removal efficiency of a silica containing
basic sorbent with formula of (8iO,)(OH),.55.6 Ca(OH),,
hydrated by 3 wt % silicic acid solution (Sample 7), was
evaluated using a NETZSCH TGA/DTA analyzer (model:
STA 449 F3 Jupiter). 5 g of sorbent was evenly placed in an
alumina plate that was subjected to an atmosphere of 750
ppm HCl,, at 200° C. The uptake experiment showed 37.0%
of capture efficiency and 0.52%/min~" of uptake rate com-
paring to 12.8% efficiency of conventional hydrated lime.

Example 12

The performance of sorbents was investigated in the
combustion test facility (CTF) at Western Research Institute.
The facility fires a PRB coal with HCI gas injected prior to
an air preheater and a particulate control device to provide
a flue gas stream containing hydrogen chloride and sulfur
oxide gases. The sorbent was injected into the duct path
between the air preheater and the particulate control device.
To carry out the injection, the sorbent is fed as a free-flowing
powder from a feeding silo and pneumatically carried
through injection lances positioned within the flue gas duct
work thereby affording a fine dispersion of the material
within the flue gas, covering the entire cross-sectional area
of the duct. Sorbent feed rates are determined gravimetri-
cally and set in the range of 1 to 15 kilograms per cubic
meter of flue gas according to the desired reduction targets
for hydrogen chloride and sulfur oxide. The capture of
hydrogen chloride and sulfur oxide from the flue gas by the
sorbent is verified by measurements of flue gas pollutant
concentrations made by infrared spectrometers (e.g., FTIR
and/or NDIR) and wet-chemical sampling methods (e.g.,
EPA Method 26A).

FIGS. 1 and 2 represents simultaneous HCl and SO,
reduction in the flue gas by one of the synthetic sorbents
(Sample 6), and performance comparison to conventional
sorbents (trona and hydrated lime). Sample 6 was milled to
form small particulates with a particle size distribution
similar to milled trona to enhance the reactivity and allow
for a more accurate comparison. The result clearly showed
that the in-milled sample 6 is as good as trona in terms of
HCI capture and significantly better than hydrated lime.
Moreover, un-milled sample 6 preferentially reacts with HCI
rather than SO, when compared to trona. Although the
selectivity of HCl1 vs. SO, slightly decreases, the milled
synthetic sorbent exhibits superior HCl reactivity than all
conventional sorbents tested in the trail.

Any ranges given either in absolute terms or in approxi-
mate terms are intended to encompass both, and any defi-
nitions used herein are intended to be clarifying and not
limiting. Notwithstanding that the numerical ranges and
parameters setting forth the broad scope of the invention are
approximations, the numerical values set forth in the specific
examples are reported as precisely as possible. Any numeri-
cal value, however, inherently contains certain errors nec-
essarily resulting from the standard deviation found in their
respective testing measurements. Moreover, all ranges dis-
closed herein are to be understood to encompass any and all
subranges (including all fractional and whole values) sub-
sumed therein.

Furthermore, the invention encompasses any and all pos-
sible combinations of some or all of the carious embodi-
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ments described herein. Any and all patents, patent appli-
cations, scientific papers, and other references cited in this
application, as well as any references cited therein, are
hereby incorporated by reference in their entirety. It should
also be understood that various changes and modifications to
the presently preferred embodiments described herein will
be apparent to those skilled in the art. Such changes and
modifications can be made without departing from the spirit
and scope of the invention and without diminishing its
intended advantages. It is therefore intended that such
changes and modifications be covered by the appended
claims.

What is claimed is:
1. An acid gas sorbent composition comprising a com-
pound of formula (I):

(8i0,),(OH),F.B D

wherein

F is at least one of the following: a functionalized
organosilane, a sulfur-containing organosilane, or an
amine-containing organosilane;

B is a hygroscopic solid at a water to solid molar ratio of
about 0.1 to about 6, wherein B is selected from alkali,
alkali-earth, or a. lanthanide metal oxide, hydroxide,
carbonate, and bicarbonate, said B containing at least
one metal cation selected from calcium, magnesium,
strontium, barium, sodium, lithium, potassium, cesium,
lanthanum, cerium, praseodymium, neodymium,
samarium, europium, gadolinium, dysprosium, scan-
dium, ytterbium, yttrium, and erbium; and

the molar ratio of y/x is about 0.01 to about 0.5.

2. The composition of claim 1, wherein the composition
is a free-flowing powder.

3. The composition of claim 1, wherein the compound has
a particle size of about 2 um to about 500 um.

4. The composition of claim 1, wherein the compound
contains moisture greater than 3 weight %.

5. The composition of claim 1, wherein the compound has
a surface area of about 2 m*/g to about 800 m*/g.

6. The composition of claim 1, wherein the compound has
a pore volume of about 0.01 cc/g to about 2M cc/g.

7. The composition of claim 1, wherein y is the surface
concentration of hydroxyl species as determined by moisture
content, and B is a relative amount of hydrated lime.

8. The composition of claim 1, wherein the composition
of formula (I) comprises 80% to 99% by weight of the
composition.

9. The composition of claim 1, wherein B is calcium
hydroxide.

10. An acid gas sorbent composition comprising a com-
pound of formula (II):

(8i0,),(0H),.B (ID

wherein

B is a hygroscopic solid at a water to solid molar ratio of
about 0.1 to about 6, wherein B is selected from alkali,
alkali-earth, or a lanthanide metal oxide, hydroxide,
carbonate, and bicarbonate, said B containing at least
one metal cation selected from calcium, magnesium,
strontium, barium, sodium, lithium, potassium, cesium,
lanthanum, cerium, praseodymium, neodymium,
samarium, europium, gadolinium, dysprosium, scan-
dium, ytterbium, yttrium, and erbium; and

the molar ratio of y/x is about 0.01 to about 0.5.

11. The composition of claim 10, wherein the composition

is a free-flowing powder.
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12. The composition of claim 10, wherein the compound
has a particle size of about 2 um to about 500 um.

13. The composition of claim 10, wherein the compound
contains moisture greater than 3 weight %.

14. The composition of claim 10, wherein the compound
has a surface area of about 2 m*/g to about 800 m*/g.

15. The composition of claim 10, wherein the compound
has a pore volume of about 0.01 cc/g to about 2.0 cc/g.

16. The composition of claim 10, wherein B comprises
water at a water to solid molar ratio of about 0.1 to about 6.

17. The composition of claim 10, wherein y is the surface
concentration of hydroxyl species as determined by moisture
content, and B is a relative amount of hydrated lime.

18. The composition of claim 10, wherein the composi-
tion of formula (H) comprises 80% to 99% by weight of the
composition.

19. The composition of claim 10, wherein B is calcium
hydroxide.
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